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The  effect  of  the  microporous  layer  (MPL)  and  wet  proofing  on  the  MacMullin  number  has  been  eval¬ 
uated  for  a  custom  series  of  Toray  TGP-H-060  carbon  paper  gas  diffusion  layer  (GDL).  Complementary 
characterizations  for  these  GDLs  were  performed  by  using  scanning  electron  microscopy  (SEM)  images, 
pore  size  distribution  (PSD)  and  fuel  cell  performance.  The  GDLs  were  customized  by  the  addition  of  a 
microporous  layer  (MPL)  and  the  treatment  of,  either  or  both,  the  substrate  and  MPL  with  10%  and  40% 
hydrophobic  agent.  SEM  images  correlated  very  well  with  the  data  shown  for  PSD.  Distinction  between 
the  substrate  layer  and  the  MPL  were  clearly  shown  as  two  different  slopes  in  the  integral  distribution 
and  two  different  peaks  in  the  differential  distribution.  The  MacMullin  number  increased  with  increase  in 
wet  proofing  but  decreased  with  the  addition  of  the  MPL.  The  MacMullin  number  is  a  key  parameter  that 
contains  the  missing  information  for  the  path  length  in  GDLs,  which  is  generally  approximated  with  the 
Bruggeman  expression.  The  results  provided  an  overview  for  the  interpretation  of  the  combined  effect 
of  the  substrate  and  MPL  properties  as  well  as  the  cell  operating  conditions. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Development  of  low-cost  gas  diffusion  layers  (GDL)  with  tai¬ 
lored  properties  is  a  key  factor  in  the  optimization  of  fuel  cell 
performance.  The  functionality  of  the  GDL  inside  the  fuel  cell 
relies  in  maintaining  a  balance  between  its  mechanical,  electrical, 
thermal  and  transport  properties.  A  GDL  must  be  able  to  pro¬ 
vide  mechanical  support  to  the  membrane  electrode  assembly 
(MEA),  conduct  electrons  between  the  catalyst  layer  (CL)  and  bipo¬ 
lar  plates,  allow  heat  removal  and  maintain  uniform  temperature, 
and  transport  reactant  gases  to  the  CL  and  liquid  water  away  from 
the  CL.  As  fuel  cells  become  attractive  as  power  sources  for  automo¬ 
tive,  stationary  and  portable  applications  a  large  amount  of  effort 
has  been  dedicated  on  research  to  understand  and  improve  GDL 
properties  [1]. 

Research  has  demonstrated  that  the  addition  of  a  thin  layer  to 
the  surface  of  the  GDL  results  in  a  positive  effect  in  the  performance 
of  the  fuel  cell  [2-4].  Therefore,  most  GDLs  for  commercial  poly¬ 
mer  electrolyte  membrane  fuel  cell  (PEMFC)  generally  consist  of  a 
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dual-layer  carbon-based  porous  media  as  shown  in  Fig.  1.  The  layer 
adjacent  to  the  flow  field  channels  is  a  carbon  substrate  macro- 
porous  layer.  The  carbon  substrate  can  be  either  a  carbon  cloth 
or  a  carbon  paper  and  can  be  impregnated  with  a  hydrophobic 
agent,  such  as  polytetrafluoroethylene  (PTFE).  The  layer  adjacent 
to  the  catalyst  layer  consists  of  a  thinner  microporous  layer  (MPL) 
typically  made  of  carbon  black  powder  with  a  hydrophobic  agent 
as  well.  The  purpose  of  the  microporous  layer  is  to  minimize  the 
contact  resistance  between  the  macroporous  layer  and  the  cata¬ 
lyst  layer,  limit  the  loss  of  catalyst  to  the  GDL  interior  and  help  to 
prevent  water  accumulation  within  the  pore  volume  of  the  micro¬ 
porous  layer  thus  gases  can  freely  contact  the  catalyst  sites. 

Due  to  the  importance  of  the  MPL  into  balancing  the  transport  of 
reactant  gases  and  the  removal  of  liquid  water  many  recent  studies 
have  focused  on  investigating  the  properties  of  the  MPL.  Accord¬ 
ingly,  attention  has  been  given  to  the  effect  of  MPL  arrangement  in 
terms  of  including  the  MPL  in  the  cathode  alone,  in  both  anode  and 
cathode,  and  without  MPL  [5],  including  a  double  MPL  [6],  prepa¬ 
ration  method  [7,8],  composition  [9,10],  pore  structure  [11,12], 
thickness  [13],  and  wettability,  by  looking  at  either  hydrophobic 
[14,15]  or  hydrophilic  [16,17]  components.  Experimental  mea¬ 
surements  have  been  performed  for  GDLs  with  MPL  that  include 
through  -  plane  permeability  [18],  pressure  vs  saturation  curves 
[19],  and  dynamic  drainage  [20].  Also,  significant  modeling  efforts 
have  been  devoted  to  understanding  the  interaction  of  the  key 
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Fig.  1.  Schematic  of  dual-layer  carbon-based  GDL  (not  to  scale). 


parameters  of  the  MPL  that  affect  fuel  cell  performance  [21-30]. 
The  reported  results  have  provided  valuable  insight  to  the  function 
of  the  MPL.  However,  more  research  is  still  required  to  reach  a  com¬ 
plete  understanding  of  the  individual  and  combined  characteristics 
of  the  MPL. 

An  experimental  study  has  been  performed  to  characterize  car¬ 
bon  cloth  and  carbon  paper  GDLs  in  terms  of  the  MacMullin  number 
[31  ]  which  relates  the  bulk  properties  with  the  effective  transport 
in  the  porous  media  as 


Note  that  factors  such  as  GDL  compression  and  wet  proofing  treat¬ 
ments  also  affect  the  morphology  of  the  GDL  or  the  MacMullin 
number  due  to  changes  in  the  porosity  and  tortuosity. 

Similar  studies  have  been  performed  for  some  carbon  paper 
GDLs.  Baker  et  al.  [33,34]  used  limiting  current  measurements  to 
estimate  the  oxygen  transport  resistance  in  the  GDL  at  different 
pressures.  From  these  measurements  values  of  D/Deff  (or  Mac¬ 
Mullin  number)  were  computed  for  the  GDLs  as  function  of  GDL 
thickness  and  compression.  These  values  were  found  to  have  rel¬ 
atively  good  agreement  with  ex  situ  measurements  of  D/Deff  for 
water  vapor  diffusion  through  the  same  material.  Although  they 
also  used  GDLs  with  MPL,  their  results  showed  no  significant  change 
in  the  transport  resistance  as  compared  to  the  GDLs  without  MPL  to 
which  it  was  attributed  that  the  MPL  has  nearly  the  same  effective 
diffusion  as  the  substrate.  However,  this  conclusion  is  imprecise  as 
discussed  by  the  authors.  Caulk  and  Baker  [35]  used  GDLs  with  MPL 
but  their  measurements  of  D/Deff  were  performed  for  the  substrate 
only.  Kramer  et  al.  [36]  and  Fliickiger  et  al.  [37]  used  the  analogy 
of  diffusion  and  ionic  conduction  described  in  Eq.  (1)  and  applied 
electrochemical  impedance  spectroscopy  to  measure  the  ratio  of 
o eff / cr  (or  inverse  of  MacMullin  number)  for  different  carbon  paper 
GDLs.  In  this  study  the  effect  of  direction  (in-plane  and  through- 
plane),  compression,  binder  structure  and  hydrophobic  treatment 
were  investigated.  However,  the  GDLs  used  for  obtaining  the  mea¬ 
surements  do  not  have  MPL. 

The  effect  of  the  MPL  on  the  MacMullin  number  is  still  unclear. 
In  this  study  a  custom  series  of  Toray  TGP-H-060  was  selected  for 
characterization  and  extend  on  previous  work  [31  ].  This  series  con¬ 
sist  of  carbon  paper  GDLs  with  and  without  MPL  and  with  different 
amount  of  wet  proofing  treatment.  This  work  will  help  to  assess 
the  effect  of  the  GDL  structure,  particularly  the  MPL,  in  the  Mac¬ 
Mullin  number.  However,  in  order  to  understand  the  GDL  structure 
changes  with  respect  to  the  MacMullin  number  measurements, 
scanning  electron  microscopy  (SEM)  images  and  pore  size  distri¬ 
bution  (PSD)  were  also  performed.  Finally,  the  MacMullin  number 
Nm  was  correlated  with  the  results  of  the  fuel  cell  performance. 

2.  Experimental 


Nm  = 


-'eff 


O 

^eff 


(1) 


where  D  and  De ff  are  the  bulk  and  effective  diffusion  coefficients  of 
the  gas  in  the  GDL  and;  a  and  creff  are  the  bulk  and  effective  ionic 
conductivity  of  the  liquid  in  the  GDL  saturated  with  an  electrolyte, 
respectively.  The  MacMullin  number  is  a  parameter  determined 
only  by  the  morphology  of  the  GDL  and  can  be  expressed  as  a 
generalized  relationship  with  tortuosity  (r)  and  porosity  (£): 


Nm=/(t,£)=J  (2) 

where  n  and  m  are  constants  that  depend  on  the  geometrical  model 
used  to  describe  the  porous  media  [32  ]  or  can  be  determined  empir¬ 
ically. 

Under  some  conditions  of  an  operating  fuel  cell,  pores  in  the 
GDL  can  be  filled  with  liquid  water,  which  effectively  decreases  the 
porosity  for  the  gas  stream.  To  account  for  this  effect,  an  effective 
porosity  is  generally  used 


Seff  =  0  —  S)£ 


(3) 


where  s  represent  the  average  liquid  saturation  in  the  GDL.  Conse¬ 
quently,  Eq.  (2)  can  be  expressed  in  terms  of  an  effective  MacMullin 
number  as 


%eff  =/(*,  £,  S) 


rn 

(1  -s)msm 


(4) 


2.L  Materials 

Toray  TGP-H-060  was  selected  as  the  base  GDL  for  this  work. 
This  is  a  carbon  paper  GDL  which  includes  only  the  substrate  layer 
with  no  wet  proofing  treatment  and  has  a  nominal  thickness  of 
190  p>m.  Additional  GDLs  were  customized  by  BASF  Fuel  Cell,  Inc. 
with  the  addition  of  a  MPL  and  the  treatment  of,  either  or  both, 
the  substrate  and  MPL  with  10%  and  40%  hydrophobic  agent.  The 
amount  of  wet  proofing  was  selected  for  research  purposes.  In  order 
to  accurately  measure  the  MacMullin  number  several  GDLs  need  to 
be  stacked  and  a  significant  difference  in  the  wet  proofing  will  also 
help  to  evaluate  its  effect  accordingly.  Table  1  details  the  layers  and 
wet  proofing  for  the  custom  series  of  these  GDLs. 


2.2.  Characterization  techniques 

The  techniques  used  to  characterize  the  Toray  custom  series 
consist  of  scanning  electron  microscopy  (SEM)  images,  pore  size 
distribution  (PSD),  the  MacMullin  number  Nm,  and  polarization 
curves.  A  1  cm  x  1  cm  strip  of  each  sample  was  cut  with  clean 
scissors  and  mounted  onto  a  SEM  flat  stub  with  an  adhesive  tape 
for  plan  view  imaging.  For  cross-section  imaging,  the  sample  was 
mounted  on  a  90°  angle  stub.  All  the  SEM  images  were  taken 
using  a  Hitachi  field-emission  SEM  S-4800  at  an  operating  voltage 
of  15kV.  The  pore  distribution  was  assessed  by  using  mercury 
intrusion  porosimetry  with  a  Micromeritics  Autopore  IV  mercury 


Table  1 

Toray  custom  series  used  for  characterization. 
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GDL 

Layers  and  wet  proofing 

Overall  porosity3 

SEM 

Substrate 

Wet  proofing 

MPL 

Wet  proofing 

X-Section  (Fig.  2) 

Substrate  Side  (Fig.  3) 

MPL  Side  (Fig.  4) 

1 

V 

0% 

- 

- 

0.80 

(a) 

(a)  and  (b) 

- 

2 

V 

10% 

- 

- 

0.78 

(b)  and  (d) 

(c) 

- 

3 

V 

10% 

V 

10% 

0.75 

(e) 

- 

(e) 

4 

V 

10% 

V 

40% 

0.74 

(f) 

- 

(f) 

5 

V 

40% 

- 

- 

0.69 

(c)  and  (g) 

(d) 

- 

6 

V 

40% 

V 

10% 

0.68 

(h) 

- 

(g) 

7 

V 

40% 

V 

40% 

0.69 

(i) 

- 

(a)-(d)  and  (h) 

a  Values  obtained  from  Hg  intrusion  porosimetry. 


porosimeter.  The  effect  of  pressure,  PSD  technique,  and  the  type 
of  GDL  in  the  PSD  measurements  are  discussed  in  Martinez  et  al. 
[38].  The  MacMullin  number  was  measured  as  described  in  details 
by  Martinez  et  al.  [31].  Finally,  polarization  curves  were  used  to 
determine  the  effect  of  the  GDL  on  fuel  cell  performance. 

2.3.  Fuel  cell  setup  and  polarization  measurements 

A  fuel  cell  hardware  from  Fuel  Cell  Technologies,  Inc.  with  an 
active  area  of  25  cm2  was  employed  in  the  tests.  The  cell  con¬ 
sisted  of  triple  serpentine  flow  field  plates  with  anode  and  cathode 
co-current  flows.  In  the  experiments  PRIMEA®  5631  MEAs  from 
W.L.  Gore  &  Associates,  Inc.  were  used.  The  MEAs  consisted  of 
0.45  mgPt-Rucm-2  in  the  anode,  0.6  mg  Pt  cm-2  in  the  cathode, 
and  a  membrane  with  35  pm  nominal  thickness.  Toray  custom 
series  was  employed  as  GDL  as  described  above.  Silicone  coated 
glass  fiber  (SCF1007),  with  a  thickness  of  178  pm,  from  Saint  Gob- 
ain  was  used  as  gasket  during  the  assembly  of  the  cell.  The  cell  was 
compressed  with  a  torque  of  1 13  N  cm  per  bolt. 

The  experiments  were  conducted  using  a  fuel  cell  test  sta¬ 
tion  model  890B  from  Scribner  and  Associates  Inc.  High  purity 
hydrogen  (99.999%)  and  compressed  air  were  supplied  to  the 
anode  and  cathode  respectively.  All  experiments  were  performed 
at  70  °C  with  pressures  of  101  kPa  on  the  anode  and  the  cath¬ 
ode.  The  flow  rates  were  set  to  maintain  a  fixed  stoichiometry  of 
1.2  with  a  minimum  flow  of  84  seem  for  the  anode  and  2.0  with 
a  minimum  flow  of  332  seem  for  the  cathode.  Each  cell  tested 
was  broken-in  in  three  steps  by  setting  the  temperatures  of  the 
cell/anode/cathode  to  50/50/40  °C,  60/65/55  °C  and  70/80/70  °C  for 
24  h  at  each  step  while  the  cell  was  maintained  at  a  constant 
potential  of  0.6  V.  Cell  polarizations  using  each  GDL  from  the  Toray 
custom  series  were  performed  at  two  humidity  conditions  corre¬ 
sponding  to  anode/cathode  temperatures  of  65/55  °C  (designated 
as  low  humidity)  and  85/75  °C  (designated  as  high  humidity).  The 
voltage-current  curves  were  obtained  by  changing  the  cell  voltage 
from  open  circuit  to  0.2  V.  At  each  point  the  voltage  was  maintained 
for  1 5  min  and  the  average  of  the  current  during  the  last  minute  was 
recorded. 

3.  Results  and  discussion 

The  effect  of  the  treatment  on  the  structure  of  the  GDL  was 
examined  using  high-resolution  SEM.  The  microstructure  of  the 
Toray  custom  series  in  cross-sectional  view  are  shown  in  Fig.  2 
while  plane  view  of  the  substrate  surface  and  the  microporous  layer 
(MPL)  are  shown  in  Figs.  3  and  4,  respectively.  See  Table  1  for  details 
on  the  corresponding  conditions  of  sample  treatments. 

Fig.  2  shows  cross-sectional  view  of  the  microstructure  of  the 
GDLs.  Fig.  2a  clearly  show  the  fibers  that  constitute  the  bare  sub¬ 
strate  with  no  wet  proofing.  Flowever,  comparing  Fig.  2d  10%  wet 
proofing  of  the  substrate  and  Fig.  2g  40%  wet  proofing  of  the  sub¬ 
strate  with  Fig.  2a  the  bare  substrate,  we  can  observe  materials  that 


filled  in  between  fibers.  Nevertheless,  there  are  no  noticeable  dif¬ 
ferences  between  the  two  wet  proofing  treatments  that  have  been 
applied  to  the  substrate.  Fig.  2e,  f,  h  and  i  shows  the  GDL  after  adding 
the  MPL.  The  images  reveal  a  merge  between  the  substrate  and  the 
MPL  instead  of  a  well  defined  and  a  clear  boundary.  Also,  Fig.  2 
shows  that  the  treatment  in  the  substrate  or  MPL  did  not  affect 
considerably  the  thickness  of  these  layers.  The  thickness  range  of 
the  substrate  was  estimated  between  190  and  200  fxm  while  the 
MPL  was  estimated  to  be  between  90  and  100  pm.  The  thickness 
of  the  MPL  represents  1/3  of  the  total  thickness,  which  is  2x  the 
thickness  used  by  Baker  et  al.  [34].  Flowever,  their  results  did  not 
show  an  effect  due  to  the  MPL.  Conversely,  thicker  MPLs  have  been 
used  in  studies  of  MPL  design  parameters  on  permeability  and  fuel 
cell  performance  [39,40].  The  thicker  MPL  was  intended  to  magnify 
the  effect  on  the  measurements  of  the  MacMullin  number. 

Fig.  3a  and  b  show  the  microstructure  of  the  substrate  composed 
of  carbon  fiber  having  an  average  diameter  of  8.1  p,m.  Differences 
in  the  substrate  layer  due  to  the  surface  treatment  are  shown  in 
Fig.  3c  and  d.  A  considerable  reduction  in  open  space  (porosity)  can 
be  observed  between  the  GDL  substrate  (Fig.  3a)  and  the  GDL  with 
1 0%  wet  proofing  (Fig.  3c).  The  GDL  with  40%  wet  proofing  (Fig.  3d) 
shows  more  web-like  material  between  the  fibers  as  compared  to 
the  GDL  with  10%  wet  proofing.  SEM  images  of  other  samples  with 
MPL  before  and  after  the  wet  proofing  (not  shown  here)  reveal  no 
significant  differences  in  the  microstructure  of  the  substrate  side 
of  the  GDL. 

The  MPL  structure  is  shown  in  Fig.  4.  Cracks  on  the  surface  of  the 
MPL  side  of  sample  7  (GDL  with  40%  wet  proofing  in  the  MPL)  can  be 
observed  in  Fig.  4a  and  at  higher  magnifications  from  200  x  in  Fig.  4b 
to  5000  x  in  Fig.  4d.  The  width  of  the  cracks  is  ranging  between 
4.4  |jim  to  32  pan.  These  cracks  were  also  observed  in  all  of  the  GDLs 
that  have  MPL.  Additional  low  vacuum  SEM  images  were  taken  to 
verify  if  the  vacuum  used  during  the  regular  SEM  images  could  have 
developed  cracks  in  the  MPL.  The  low  vacuum  SEM  images  (not 
shown)  indicate  that  the  cracks  are  in  the  samples  and  were  not 
caused  by  the  vacuum  of  the  SEM  instrument.  These  cracks  could 
have  developed  due  to  handling  of  the  GDL  or  perhaps  during  the 
drying  process  when  the  MPL  is  added  to  the  GDL.  Cracks  in  the  MPL 
act  as  mesopores  or  macropores  which  affect  the  MPL  porosity  [41  ] 
and  have  a  significant  role  in  the  liquid  and  gas  transport  through 
this  layer  [23,42].  The  microstructure  of  the  MPLs  with  10%  wet 
proofing  is  shown  in  Fig.  4e  and  g  while  that  of  the  MPLs  with  40% 
wet  proofing  is  shown  in  Fig.  4f  and  h.  The  distribution  of  pore  size 
is  0.02  [Jim  to  0.75  pun  as  shown  on  the  images  for  selected  pores. 
There  are  no  observable  structural  differences  of  the  MPL  due  to 
the  treatments  in  the  substrate  and  the  MPL. 

The  effect  of  the  wet  proofing  and  the  MPL  in  the  PSD  are  shown 
in  Figs.  5-7.  Fig.  5a  and  b  compare  the  PSD  of  Toray  carbon  paper 
GDL  without  the  MPL.  These  curves  are  characterized  by  a  steep 
slope  around  a  pore  size  of  30  pan.  This  region  is  shown  as  one  main 
peak  in  the  differential  distribution  (Fig.  5b),  which  represent  the 
substrate  region  or  macroporous  layer.  The  curves  show  a  volume 
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Fig.  2.  Scanning  electron  microscope  (SEM)  images  showing  cross-sections  of  Toray  TGP-H-060.  (a)  The  GDL  substrate;  (b)  and  (d)  the  GDL  with  10%  wet  proofing  in  the 
substrate;  (c)  and  (g)  the  GDL  with  40%  wet  proofing  in  the  substrate;  (e)  the  GDL  with  10%  wet  proofing  in  the  substrate  and  10%  in  the  MPL;  (f)  the  GDL  with  10%  wet 
proofing  in  the  substrate  and  40%  in  the  MPL;  (h)  the  GDL  with  40%  wet  proofing  in  the  substrate  and  10%  in  the  MPL;  (i)  the  GDL  with  40%  wet  proofing  in  the  substrate  and 
40%  in  the  MPL 


reduction  in  the  GDLs  as  the  wet  proofing  increases.  This  reduction 
in  volume  correlates  with  the  reduction  in  open  space  observed 
in  Fig.  2  and  is  in  agreement  with  literature  for  overall  porosity 
decrease  with  increase  of  wet  proofing  [43-45].  Fig.  6a  and  b  com¬ 
pare  the  PSD  of  Toray  carbon  paper  GDL  with  and  without  the  MPL 
when  the  wet  proofing  in  the  substrate  is  10%.  The  curves  for  the 
GDLs  with  MPL  are  characterized  by  two  slopes  around  0.05  p,m 
and  30  [xm.  The  slope  around  0.05  |xm  corresponds  to  the  MPL  and 
it  appears  as  one  main  peak  in  the  differential  distribution  (Fig.  6b). 
However,  when  the  MPL  is  present  the  volume  in  the  substrate 
region  is  reduced.  The  reduction  in  volume  in  the  substrate  can  be 
explained  by  the  merging  of  the  MPL  with  the  substrate  as  shown  in 
Fig.  2.  Penetration  of  the  MPL  into  the  substrate  has  been  reported 
in  the  literature  [41 ,46].  In  addition,  there  is  no  considerable  change 
in  volume  for  the  MPL  due  to  the  wet  proofing.  Fig.  7a  and  b  com¬ 
pare  Toray  carbon  paper  GDL  with  and  without  the  MPL  when  the 
wet  proofing  in  the  substrate  is  40%.  These  GDLs  show  the  same 


characteristics  as  the  GDLs  with  1 0%  wet  proofing  in  terms  of  micro- 
porous  and  macroporous  distribution  and  the  volume  reduction  in 
the  substrate  when  the  MPL  is  present. 

Fig.  8  shows  the  results  for  the  MacMullin  number  studies  in 
this  work.  Fig.  8a  presents  the  effect  of  the  total  thickness  of  GDLs 
stacked  on  the  MacMullin  number.  Toray  carbon  paper  without 
wet  proofing  and  MPL  (GDL  1 )  was  used  for  this  test.  The  thickness 
of  this  GDL  is  approximately  200  |xm.  The  value  of  the  MacMullin 
number  decreased  as  the  total  thickness  of  the  GDLs  stacked 
increased  until  it  reaches  a  stable  value  at  the  total  thickness  of 
600  |xm.  Therefore,  in  this  work  the  number  of  paper  GDLs  required 
to  produce  consistent  data  were  4-5  pieces.  The  MacMullin  number 
obtained  for  the  GDL  1  was  3  which  has  relative  good  agreement 
with  values  reported  in  the  literature.  Baker  et  al.  [33,34]  reported 
~2.8  (as  read  from  the  figure)  for  the  uncompressed  and  untreated 
Toray  TGP-H-060  from  ex  situ  measurements  ofD/Deff  in  a  diffusion 
cell.  Using  in  situ  measurements  of  limiting  current  they  calculated 
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Fig.  3.  Scanning  electron  microscope  (SEM)  images  showing  the  substrate  side  of  Toray  TGP-H-060.  (a)  and  (b)  the  GDL  substrate;  (c)  the  GDL  with  10%  wet  proofing  in  the 
substrate;  (d)  the  GDL  with  10%  wet  proofing  in  the  substrate. 


an  average  value  of  3.20  [34].  Fliickiger  et  al.  [37]  reported  e/r  « 
0.35  (as  read  from  the  figure)  for  the  same  GDL,  which  corresponds 
to  a  MacMullin  number  of  2.86.  The  effect  of  the  wet  proofing  and 
the  MPL  on  the  MacMullin  number  is  shown  in  Fig.  8b.  It  can  be 
observed  that  the  addition  of  wet  proofing  increases  the  MacMullin 
number.  Increasing  the  wet  proofing  will  decrease  the  porosity  of 
the  substrate  layer  as  described  above  and  will  increase  the  tortu¬ 
osity  as  well.  Consequently,  a  higher  flow  resistance  is  expected  as 


porosity  decreases  and  tortuosity  increases  as  described  in  Eq.  (2). 
Flowever,  the  addition  of  the  MPL  decreases  the  MacMullin  number. 
This  effect  could  be  related  to  the  different  wet  proofing  treatments 
of  the  substrate  and  the  MPL,  which  can  cause  an  additional  driving 
force  in  the  liquid  through  the  pores  during  the  experiments, 
and  perhaps  an  effect  that  is  magnified  due  to  the  small  pores  in 
the  MPL.  Even  when  the  treated  surfaces  have  the  same  wet  proof¬ 
ing  percentage  the  actual  contact  angle  in  each  surface  could  be 


Fig.  4.  Scanning  electron  microscope  (SEM)  images  showing  the  MPL  side  of  Toray  TGP-H-060.  (a)-(d)  A  sequence  of  images  at  higher  magnifications  of  the  GDL  with  40% 
wet  proofing  in  the  substrate  and  40%  in  the  MPL  showing  numerous  surface  cracks;  (e)  the  GDL  with  10%  wet  proofing  in  the  substrate  and  10%  in  the  MPL;  (f)  the  GDL  with 
10%  wet  proofing  in  the  substrate  and  40%  in  the  MPL;  (g)  the  GDL  with  40%  wet  proofing  in  the  substrate  and  10%  in  the  MPL;  (h)  the  GDL  with  40%  wet  proofing  in  the 
substrate  and  40%  in  the  MPL. 
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Table  2 

Changes  in  GDL  properties  and  effect  in  cell  performance. 


Toray  TGP-H-060 

Structure  change 

Wet  proofing 

Substrate  MPL 

8 

NMa 

/c  [50-53]  b 

kNm 

Cell  performance0 

@  RHL  @  RHH 

Substrate  only 

Increasing  wet  proofing  in  substrate 

t 

- 

i 

t 

? 

? 

1 

SublO  &(SublO  + MPL) 

Adding  MPL  to  SublO 

10% 

- 

Sub40  &  (Sub40  +  MPL) 

Adding  MPL  to  Sub40 

40% 

- 

No  A 

t 

t 

SublO  +  MPL 

Increasing  wet  proofing  in  MPL  of  SublO 

10% 

t 

No  A 

No  A 

t 

t 

Sub40  +  MPL 

Increasing  wet  proofing  in  MPL  of  Sub40 

40% 

t 

No  A 

No  A 

1 

1 

No  A 

Slightly  | 

SublO,  Sub40,  substrate  with  10%  and  40%  wet  proofing,  respectively.  No  A,  no  change  or  about  the  same  value.  ?,  Cannot  be  determined  with  the  given  information. 
a  The  effect  of  the  MPL  could  be  related  more  to  the  liquid  transport  as  compared  to  the  gas  transport  for  which  an  effective  NM  can  be  calculated  from  Eq.  (4). 
b  The  effect  of  k  was  interpreted  based  on  the  results  of  the  given  references. 
c  Cell  performance  for  humidity  conditions  designated  as  low  (RHL)  and  high  (RHh)  from  Figs.  9-11. 


different.  This  phenomena  was  consistent  with  similar  observa¬ 
tions  on  GDL  tests  performed  by  Ballard  Power  System  Inc.  [47]. 

The  MacMullin  number  as  a  function  of  porosity  of  the  seven  car¬ 
bon  paper  GDLs,  Toray  TGP-H-060,  from  this  work,  are  compared 
with  two  relevant  conductivity  models  for  carbon  cloth  and  carbon 
paper  GDLs,  as  presented  in  Martinez  et  al.  [31  ].  Fig.  8c  shows  the 
results,  including  previous  published  data  [31]  of  different  GDLs. 
Two  separate  groups  can  be  observed  in  this  figure.  One  group  cor¬ 
responds  to  the  carbon  cloth  GDLs  (i.e.,  materials  E,  F,  and  G)  which 
follows  the  Bruggeman  expression  (£-1-5).  The  second  group  cor¬ 
responds  to  the  carbon  paper  GDLs  (i.e.,  materials  A,  B,  C,  and  D) 
which  follows  the  Martinez  expression  (£-3-8).  Flowever,  only  the 
GDLs  without  MPL  from  the  Toray  custom  series  falls  in  the  group 
of  carbon  paper  GDLs.  The  GDLs  with  MPL  from  the  Toray  custom 
series  are  grouped  with  the  carbon  cloth  GDLs. 


0.001  0.01  0.1  1  10  100  1000 

Pore  diameter  him) 


Fig.  5.  Porometric  curves  for  (a)  integral  and  (b)  differential  distribution  for  Toray 
TGP-H-060  without  MPL.  Legend:  substrate  with  no  wet  proofing  (— );  substrate 
with  10%  wet  proofing  ( - );  substrate  with  40%  wet  proofing  (  =■  ). 


The  cell  performance  was  obtained  at  two  different  humidity 
conditions,  designated  as  low-end  and  high-end  humidity,  using 
the  GDLs  of  Table  1.  Note  that  the  humidity  designation  is  just  for 
convenience  in  order  to  differentiate  that  one  humidity  is  higher 
than  the  other.  The  actual  humidity  for  the  condition  designated 
as  low-end  is  80%  and  50%  for  the  anode  and  cathode,  respec¬ 
tively,  while  the  condition  designated  as  high-end  is  considered 
under  or  close  to  flooding.  It  is  under  these  conditions  that  the 
properties  of  the  MPL  become  more  evident  because  liquid  water 
has  to  be  removed  while  other  pores  need  to  remain  clear  to  let 
oxygen  reach  the  catalyst  sites.  The  cell  performance  obtained  in 
this  work  was  reproduced  in  order  to  verify  the  accuracy  of  the 
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Fig.  6.  Porometric  curves  for  (a)  integral  and  (b)  differential  distribution  for  Toray 
TGP-H-060  with  10%  wet  proofing  in  the  substrate.  Legend:  substrate  only  (— );  sub¬ 
strate  +  MPL  with  10%  wet  proofing  ( - );  substrate  +  MPL  with  40%  wet  proofing 
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Fig.  7.  Porometric  curves  for  (a)  integral  and  (b)  differential  distribution  for  Toray 
TGP-H-060  with  40%  wet  proofing  in  the  substrate.  Legend:  substrate  only  (— );  sub¬ 
strate +MPL  with  10%  wet  proofing  ( - );  substrate  +  M PL  with  40%  wet  proofing 

(  )• 

measurements.  In  addition,  the  ohmic  losses  for  the  tested  cells 
were  not  significant  (<80mV).  However,  for  clarity  purposes,  the 
cell  performance  was  corrected  for  the  ohmic  losses.  Accordingly, 
the  changes  in  IR-corrected  performance,  shown  in  Figs.  9-11,  are 
interpreted  in  relation  to  the  GDL  properties  measured  in  this  work 
and  under  the  conditions  tested,  but  also  by  incorporating  findings 
from  the  literature.  Note  that  the  cells  for  the  GDL  without  MPL  have 
comparable  performance  to  those  reported  in  the  literature  [43,48] 
under  similar  conditions.  However,  some  cells  show  poor  perfor¬ 
mance  due  to  modifications  in  the  structure  of  the  GDL,  operating 
conditions  or  combination  of  both.  Nevertheless,  the  objective  of 
this  work  is  to  understand  the  effect  of  the  GDL  properties  in  the 
MacMullin  number  and  how  the  latter  relates  to  cell  performance. 

Table  2  summarizes  the  GDL  property  changes  due  to  wet  proof¬ 
ing  or  the  addition  of  the  MPL  and  the  respective  effects  in  cell 
performance.  In  general,  it  is  difficult  to  isolate  the  effect  of  each 
parameter  because  the  changes  in  one  parameter  will  influence 
others.  For  example,  when  the  pore  volume  (porosity)  decreases  in 
the  GDL  it  is  expected  that  the  cell  performance  decreases  as  well 
because  less  oxygen  is  reaching  the  catalyst.  However,  under  con¬ 
ditions  where  liquid  water  is  present,  the  wet  proofing  treatment 
(hydrophobicity)  is  expected  to  increase  performance  by  provid¬ 
ing  liquid-water-free  paths  for  gas  transport  but  at  the  same  time 
it  will  reduce  the  porosity  of  the  GDL,  which  decrease  performance. 
It  will  also  change  the  tortuosity  of  the  GDL.  Consequently,  the  final 
effect  will  depend  on  the  magnitude  of  each  parameter  change  and 
whether  liquid  water  is  present  or  not  in  the  GDL.  Some  of  these 
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%  Wet  Proofing  in  Substrate/MPL 


Fig.  8.  MacMullin  number  as  function  of  (a)  total  thickness  of  GDLs  stacked  using 
GDL  1,  (b)  wet  proofing  in  substrate  and  MPL,  and  (c)  porosity.  Numbers  labels  are 
identified  in  Table  1.  Letters  labels  correspond  to  data  from  Martinez  et  al.  [31  ]  (A) 
Mitsubishi  Rayon  PYROFIL  MFG-070,  (B)  Ballard  AvCarb  P50,  (C)  Toray  TGP-H-120, 
(D)  SGL  Carbon  SIGRACET  10BB  w/MPL,  (E)  Showa  Denko  K.  K.  SCT-NF2-1,  (F)  W.  L. 
Gore  CARBEL  CL  w/MPL,  and  (G)  E-TEK  ELAT  LT-1400W  w/MPL. 


effects  are  captured  in  the  MacMullin  number,  which  can  help  to 
predict  the  trends  in  cell  performance,  but  other  properties  should 
be  considered  as  well  in  order  to  interpret  the  data. 

The  thermal  conductivity  and  the  water  vapor  diffusion  coeffi¬ 
cient  have  been  identified  as  key  properties  regarding  condensation 
and  water  transport  in  the  GDL  and/or  MPL  [35,42,49].  Depending 
on  the  formulation  used  by  the  authors,  these  properties  appear 
as  a  combined  quantity  which  include  the  bulk  and/or  effective 
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Fig.  9.  IR-corrected  polarization  curves  using  Toray  TGP-H-060  with  0%,  10%,  and 
40%  wet  proofing  in  the  substrate  at  high  and  low  humidification  temperatures.  Cell 
temperature  is  70  °C  and  pressure  is  101  kPa.  Legend:  low  humidity  corresponds  to 
anode/cathode  temperatures  of  65/55  °C  (O.  □,  A).  High  humidity  corresponds  to 
anode  cathode  temperatures  of  85/75  °C  (#,  ■,  a).  Lines  have  been  draw  through 
the  data  to  guide  the  eyes. 


Fig.  11.  IR-corrected  polarization  curves  using  Toray  TGP-H-060  with  40%  wet 
proofing  in  the  substrate  at  high  and  low  humidification  temperatures.  Cell  tem¬ 
perature  is  70°C  and  pressure  is  101  kPa.  Legend:  low  humidity  corresponds  to 
anode/cathode  temperatures  of  65/55  °C  (O.  □,  A).  High  humidity  corresponds  to 
anode/cathode  temperatures  of  85/75  °C  (#,  ■.  a).  Lines  have  been  draw  through 
the  data  to  guide  the  eyes. 


properties.  The  effective  diffusion  coefficient  is  related  to  the  bulk 
diffusion  coefficient  through  the  MacMullin  number.  Consequently, 
the  lumped  quantity  can  be  expressed  as  kNm  (Table  2).  Although 
details  of  the  effect  of  thermal  conductivity  are  beyond  the  scope 
of  this  work  some  particulars  have  been  considered  as  part  of  the 
discussion  due  to  their  importance  in  determining  condensation  in 
the  GDL. 

The  thermal  conductivity  (/c)  is  also  affected  by  changes  in 
other  properties.  It  decreases  with  increase  in  polytetrafluorethy- 
lene  (PTFE)  content  [50-52]  and  porosity  [53].  Again,  PTFE  content 
decreases  the  GDL  porosity  thus  the  resulting  /c  will  depend  on 
the  magnitude  change  of  the  two  parameters  causing  an  opposite 
effect  in  /c.  Conversely,  it  increases  with  residual  water  in  the  GDL 
[52]  and  increase  in  the  compressive  load  [50,54].  An  increase  in  k 
can  be  associated  with  higher  heat  transfer  in  the  GDL  and  better 
heat  dissipation.  For  the  case  of  NM,  higher  values  are  associated 
with  more  flow  resistance  due  to  increase  in  the  tortuos  path  and 
decrease  in  porosity.  Both  of  these  conditions  favor  condensation  in 
the  GDL.  Consequently,  an  increase  in  kNm  is  generally  associated 
with  wetter  GDLs  [35]. 


Fig.  10.  IR-corrected  polarization  curves  using  Toray  TGP-H-060  with  10%  wet 
proofing  in  the  substrate  at  high  and  low  humidification  temperatures.  Cell  tem¬ 
perature  is  70°C  and  pressure  is  101  kPa.  Legend:  low  humidity  corresponds  to 
anode/cathode  temperatures  of  65/55  °C  (O.  □,  A).  High  humidity  corresponds  to 
anode/cathode  temperatures  of  85/75  °C  (#,  ■.  a).  Lines  have  been  draw  through 
the  data  to  guide  the  eyes. 


Fig.  9  compares  the  IR-corrected  cell  performance  for  the  GDLs 
without  the  MPL.  At  the  high-end  humidity  (flooding)  condition  the 
cell  performance  decreases  as  the  wet  proofing  increases.  These 
results  cannot  be  interpreted  in  terms  of  /c  or  kNm  because  the 
resulting  change  in  thermal  conductivity  cannot  be  determined. 
However,  the  MacMullin  number  increases  with  wet  proofing, 
mainly  because  of  the  decrease  in  pore  volume  as  shown  in  Fig.  5, 
which  is  the  probable  cause  for  the  performance  reduction.  In  other 
words,  the  GDL  is  too  wet  and  the  effect  of  decrease  in  pore  volume 
predominates  over  any  benefit  of  the  wet  proofing.  For  the  low- 
end  humidity  condition  case  the  best  performance  occurs  when 
the  GDL  with  10%  wet  proofing  is  used.  In  this  case,  the  cell  is  dryer 
than  the  first  case  and  the  wet  proofing  could  be  helping  to  main¬ 
tain  the  pores  free  of  liquid  water.  Nevertheless,  increasing  more 
the  wet  proofing  caused  a  performance  loss  which  could  be  related 
to  a  major  effect  in  the  decrease  of  pore  volume.  As  reported  in  the 
literature,  an  optimized  PTFE  content  results  due  to  the  trade-off 
between  the  pore  volume  available  for  the  liquid  water  flow  and 
the  water  wetting  due  to  the  reduced  hydrophobic  pores  [55]. 

IR-corrected  cell  performance  comparisons  for  the  GDLs  with 
and  without  the  MPL  are  shown  in  Figs.  10  and  11  when  the  wet 
proofing  in  the  substrate  is  10%  and  40%  respectively.  For  the  GDLs 
with  10%  wet  proofing  in  the  substrate  (namely  GDLs  S10  for  sim¬ 
plicity)  the  addition  of  the  MPL  with  10%  wet  proofing  decreased 
the  cell  performance  for  both  humidity  conditions  when  compared 
with  the  base  GDL  with  no  MPL.  However,  for  the  GDLs  with  40% 
wet  proofing  in  the  substrate  (GDLs  S40)  the  addition  of  the  MPL 
increased  the  cell  performance  for  both  humidity  conditions  when 
compared  with  the  base  GDL  (40%  wet  proofing)  with  no  MPL.  Also, 
the  increase  of  wet  proofing  in  the  MPL  (from  1 0%  to  40%)  improves 
the  performance  for  the  GDLs  S10  but  does  not  show  a  consider¬ 
ably  effect  in  the  performance  for  the  GDLs  S40.  These  effects  are 
discussed  in  details  below. 

When  the  MPL  is  added  to  the  GDLs  two  opposite  effects 
occurs:  (1)  a  decrease  in  the  pore  volume  of  the  substrate  region 
(Figs.  6b  and  7b)  which  is  a  negative  effect  and  (2)  a  decrease  in 
the  MacMullin  number  (Fig.  8b)  which  is  a  positive  effect.  In  addi¬ 
tion,  Table  2  shows  that  the  lumped  parameter  kNm  is  expected 
to  decrease  for  both  cases.  As  discussed  above  an  increase  in  kNm 
is  generally  associated  with  wetter  GDLs,  therefore  the  decrease  in 
kNm  should  result  in  a  dryer  GDL.  Consequently,  the  effect  of  adding 
the  MPL  should  has  resulted  in  a  dryer  GDL  and  better  performance. 
However,  this  is  only  observed  for  the  GDLs  S40.  In  terms  of  poros¬ 
ity,  the  decrease  in  pore  volume  due  to  the  addition  of  the  MPL  is 
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significant  for  the  GDLs  S10  as  compare  to  the  GDLs  S40.  Note  also 
that  the  porosity  shown  in  Table  1  decrease  more  for  the  first  case 
than  for  the  second  case.  Consequently,  it  is  believed  that  the  addi¬ 
tion  of  the  MPL  to  the  GDLs  S10  decreases  the  performance  due  to 
pore  volume  reduction. 

For  the  GDLs  SI  0  and  S40,  when  the  wet  proofing  is  increased  in 
the  MPL  there  are  no  significant  changes  in  the  overall  porosity  or 
the  MacMullin  number.  Although,  GDLs  S40  do  not  show  improve¬ 
ment  in  performance,  the  cells  with  GDLs  S10  show  an  increase  in 
performance.  Table  2  shows  that  kNm  is  expected  to  decrease  for 
both  cases,  which  should  result  in  dryer  GDLs,  but  only  the  GDLs 
S10  show  improvement  in  performance.  This  may  suggest  that  the 
considerably  higher  amount  of  pore  volume  in  the  substrate  region 
(Fig.  5a)  for  the  GDLs  S10  results  in  more  volume  availability  for 
mass  transport  than  the  GDLs  S40.  Consequently,  the  benefit  of 
increasing  the  wet  proofing  can  be  observed  in  the  GDLs  S10. 

The  addition  of  the  MPL  to  the  substrate  has  been  associated 
with  improvement  in  performance.  Flowever,  it  is  not  always  the 
case.  Depending  of  its  properties  and  the  cell  operating  conditions 
it  can  be  a  detrimental  effect.  Also,  the  MPL  is  not  only  another  layer 
in  the  GDL  but  it  also  affects  the  properties  of  the  substrate.  Some 
of  the  cases  can  be  explained  better  based  on  changes  in  the  pore 
volume  available  in  the  substrate  for  mass  transport  than  using  the 
MacMullin  number  alone  or  the  lumped  factor  kNm . 

The  MacMullin  number  measurements  can  help  to  understand 
critical  properties  of  gas  diffusion  media  that  impact  directly  the 
liquid  water  and  gas  transport  in  fuel  cells.  It  includes  assessing  the 
length  (derived  from  the  MacMullin  number)  through  which  these 
phases  travel.  Previously,  only  measurements  of  the  porosity  were 
used  to  characterize  the  GDL  and  still  product  data  sheets  only  use 
porosity.  Mathematical  models  for  fuel  cell  can  also  be  improved 
by  the  use  of  the  actual  path  length  which  leads  to  accurate  calcu¬ 
lations  on  liquid  and  gas  transport  through  the  GDL.  The  use  of  this 
technique  can  provide  the  industry  the  knowledge  to  improve  the 
design  of  GDL  and  reduce  their  cost  by  leading  it  to  consider  the 
path  length  for  liquid  and  gas  transport  as  part  of  their  research. 


4.  Conclusions 

In  this  work,  a  detailed  structure  characterization  of  a  custom 
series  of  Toray  carbon  paper  GDLs  was  performed  by  measuring  the 
MacMullin  number,  the  PSD,  through  analysis  of  SEM  images,  and 
tested  under  low  and  high  humidity  conditions  in  a  fuel  cell.  SEM 
images  correlated  very  well  with  the  data  shown  for  PSD.  Distinc¬ 
tion  between  the  substrate  layer  and  the  MPL  were  clearly  shown 
as  two  different  slopes  in  the  integral  distribution  and  two  differ¬ 
ent  peaks  in  the  differential  distribution.  The  effect  of  the  MPL  and 
wet  proofing  in  the  MacMullin  number  has  been  evaluated.  The 
MacMullin  number  increased  with  increase  in  wet  proofing  but 
decreased  with  the  addition  of  the  MPL.  Additional  results  showed 
that  the  addition  of  the  MPL  can  affect  the  cell  performance  nega¬ 
tively  or  positively.  However,  the  changes  cannot  be  explained  by 
using  the  MacMullin  number  alone  or  the  lumped  factor  kNm  but 
by  considering  the  combined  effect  of  the  substrate  and  MPL  prop¬ 
erties  as  well  as  the  cell  operating  conditions.  Therefore,  the  effect 
of  the  MPL  may  depend  on  the  operating  conditions  and  the  GDL 
design. 

The  observations  presented  in  this  work  highlight  the  impor¬ 
tance  of  several  parameters  that  need  to  be  taken  into  account 
to  evaluate  the  behavior  in  the  cell  performance.  The  results  sug¬ 
gest  that  the  available  pore  volume  (porosity)  and  the  path  length 
(tortuosity)  are  integral  part  of  the  complex  interaction  that  exits 
between  the  MPL  and  the  substrate.  Both,  wet  proofing  and  the 
addition  of  the  MPL,  affect  the  pore  volume  and  change  the  path 
length  for  liquid  and  gas  transport.  However,  these  changes  occur 


simultaneously  and  are  difficult  to  decouple.  Although  thermal  con¬ 
ductivity  has  been  identified  in  the  literature  as  a  key  parameter 
as  well,  it  is  also  affected  by  the  wet  proofing  and  the  MPL  addi¬ 
tion.  Consequently,  the  MacMullin  number  is  a  key  parameter  that 
should  be  included  as  part  of  the  GDL  characterization  and  prod¬ 
uct  data  sheets.  It  contains  the  missing  information  for  the  path 
length  in  GDLs,  which  is  generally  approximated  with  the  Brugge- 
man  expression.  It  is  an  important  property  that  can  improve  fuel 
cell  mathematical  models  and  leads  to  better  GDL  designs. 
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